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The softly broken Z2 symmetric 2HDM has no tree-level FCNCs. We 
further assume a CP-conserving potential 

- m2
12 and λ5 real and the vacuum configuration is (CP-conserving) 
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and the common convention for the ratio of the vacuum expectation 
values is 

tanβ = v2
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The model has three neutral states and two charged states:  
 

� Two CP-even states h and H with mh<mH. 
� One CP-odd state A. 
� Two charged states H±. 

The matrix that diagonalises the CP-even states mass matrix 
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and the common convention for the range of α is 

−
π
2
≤α ≤

π
2

g2HDM
hVV = sin(β −α) gSM

hVV        V =W,Z

Higgs couplings to gauge bosons 

g2HDM
HVV = cos(β −α) gSM

hVV        V =W,Z



Φ2 always couples to up-type quarks 

Lightest  
Higgs couplings 

Type I 

Type II 

Type F=X=III 

Type LS=Y=IV 

Yukawa couplings 

Φ2 to leptons and to down-type quarks 

Φ1 to leptons and to down-type quarks 

Φ2 to leptons Φ1 to down-type quarks 

Φ1 to leptons Φ2 to down-type quarks 



The Higgs basis* of the Z2 symmetric 2HDM  
 

The Higgs basis doublets are defined relative to Z2 basis doublets as 
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and the potential can be written as 
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* no relation with "Higgs basis" in EFT 



� Alignment limit (aka SM-like limit) M 2 =
m12
2

sinβ cosβ

� Decoupling limit 

κF =1;   κV =1
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sin(β −α) =1  ⇒

at tree-level 
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*    (with Φ = H,A,H ± )

M 2 ≈ mH
2 ≈ mA

2 ≈ m
H ±
2 >> λiv

2

all heavy scalars masses are determined  
by M and independent of the λ 

Setting Kanemura, Okada, Senaha, Yuan (2004).  


Ginzburg, Krawczyk (2005).  


Gunion, Haber (2003).  




� Wrong-sign limit (type II and F) 

€ 

sin(β+α) =1  ⇒   κD = −1    (κU =1)

€ 

sin(β −α) =
tan2 β −1
tan2 β+1

 ⇒   κV ≥ 0  if  tanβ ≥1 κDκV < 0

1509.00672 

� Type I 

sin(β +α) =1  ⇒

κU =κD =κL =1

sin(β −α) = tan
2 β −1

tan2 β +1

still 

Ferreira, Gunion, Haber, RS (2014).  


Ferreira, Guedes, Sampaio, RS (2014).  




� Non-decoupling and SM-like heavy Higgs 

1. 5% would exclude the wrong sign in both scenarios  but also the heavy scenario 
in the SM-like limit due to the effect of charged Higgs loops + theoretical and 

experimental constraints. 
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Boundness from below 

1. SM-like 

1. SM-like 
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2 /tan2 β
b -> s γ 

m
H ±
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v 2 1. Wrong Sign 

Updated in Misiak  eal (2015).  


� Non-decoupling and SM-like heavy Higgs 



Free parameters 

Parameter Z2 basis Hybrid basis 

Masses mh, mH, mA, mH± mh, mH 

Angles tanβ, (β-α) tanβ, (β-α) 

Other m12
2 Z4, Z5, Z7 



The benchmarks are discussed in detail in 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Benchmarks2HDM 



The benchmarks are discussed in detail in 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Benchmarks2HDM 



H→W +W −(ZZ )         plane:  (mH ,  cos(β −α))

H→ AZ;  A→HZ         plane:  (mH ,  mA );  (mH (A),  cos(β −α))

Scalar to one scalar and one gauge boson (mh = 125 GeV) 

large Br(A → HZ) mA −mH ≈ v   and light    mHBaryogenesis 

Which planes to choose? 

Scalar to two gauge bosons 

A→ hZ         plane:  (mA,  cos(β −α))



h→ (A→ µ+µ− / τ +τ − / bb) Z   plane:  (mA,  tanβ);  (mA,  cos(β −α))

light mA = 6 to 70 GeV 

Which planes to choose? 

SM-like Higgs decay to one scalar and one gauge boson (mh = 125 GeV) 

H→ hh;  H→ AA        plane:  (mH ,  tanβ  or cos(β −α));(mH ,  mA )

Scalar to two scalar decays (mh = 125 GeV) 

h→ AA        plane:  (mA,  tanβ  or cos(β −α))



Long Cascade 

pp→ A→H ±W ∓→HW ±W ∓→ (H→)W ±W ∓        
           plane:  (mA,  mH );  (mA,  cos(β −α));  (mA,  tanβ)

The wrong sign scenario 

Which planes to choose? 

Scenarios vs. Benchmarks? 



The Inert 2HDM 
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The first doublet contains the SM-like Higgs boson h, and the second 
doublet contains four dark (inert) scalars H, A and H±.  
                H is taken to be the lightest scalar (stable).  

Φ1→ΦS

Φ2 →ΦD
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V (Φ1,  Φ2 )/. m12

2  → 0

Free parameters (Inert) 

Parameter 2HDM (Z2 basis) Inert (Z2 basis) 

Masses mh, mH, mA, mH± mh, mH, mA, mH± 

Angles tanβ, (β-α) 

Other m12
2 λ2, λ345 



A fermiophobic limit of the 2HDM 

� Type I 2HDM with sinα=0 
� h is the SM-like Higgs boson with a mass of 125 GeV 
� H is the fermiophobic scalar 
� Since we are close to alignment 

cos β −α( ) ≈ 0  ⇒   1
1+ tan2 β

<<1   ⇒   tanβ >>1

� Relevant variables in the analysis are 

� tanβ – departure from alignment 
� mH – mass of fermiophobic scalar 
� ΔM – heavy scalars mass splitting ΔM =mH −mA (=mH ± )



The benchmarks are discussed in detail in 
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Benchmarks2HDM 



Which planes to choose? 

Inert 

pp→ AH→ AVV
most promising but still with  

very small cross section (< 2fb) 

pp→ AH→ ZHH→ Z +MET       plane:  (mA,  mH )

pp→H ±H ∓→W ±W ∓HH→W ±W ∓MET    plane:  (m
H ± ,  mH )

Fermiophobic 

cross sections reach 350 fb (first) and 90 fb (second) at 13 TeV 
with BRs close to 100% 



SuShi – Higgs production at NNLO   

HDECAY – Higgs decays   

Harlander, Liebler, Mantler, (2013).


Djouadi, Kalinowski, Spira (1997) + Mühlleitner (2013).  


Eriksson, Rathsman, Stål (2009)


Tools  

Higlu – Higgs production at NNLO 

2HDMC – Higgs decays   

Spira (1995)


MadGraph5 – Higgs production J. Alwall eal (2014)


Benchmark points were obtained with the recommended tools 

Particular production processes (Inert and Fermiophobic), for 
example pp -> HA, were obtained with 



2nd call – non CP-conserving 2HDM, 
singlet, triplet 

Meeting 10 September 2015 



BP7 Georgi-Machacek model benchmark [H. Logan]  
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/
h5plane-benchmark.pdf 
  
BP8 Complex 2HDM benchmarks [D. Fontes, J.C. Romao, R. Santos and J.P. 
Silva]  
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/
benchmark-C2HDM.pdf 
 
BP9 Flavour-changing 2HDM benchmarks [F.J. Botella, G.C. Branco, M. Nebot 
and M. Rebelo]  
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/
benchmark-FCNC2HDM.pdf 
 
BP10 Real and complex singlet benchmarks [R. Costa, M. Muhlleitner, M.O.P. 
Sampaio and R. Santos] 
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/
BenchmarksCxSM_and_RxSM.pdf 
 
BP11 Singlet benchmarks [T. Robens and T.Stefaniak] 
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/
benchmarks_robens_stefaniak.pdf 



BP8 CP-violating 2HDM (C2HDM) 



The softly broken Z2 symmetric CP-violating potential 
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Parameter 2HDM (Z2 basis) C2HDM (Z2 basis) 

Masses mh, mH, mA, mH± m1, m2, mH± 

Angles tanβ, (β-α) tanβ, α1, α2, α3 

Other m12
2 Re(m12

2) 

Free parameters 



Lightest Higgs couplings 

to gauge bosons 

g2HDM
hVV = sin(β −α) gSM

hVV       V =W,Z CP-conserving


gC2HDM
hVV =C  gSM

hVV = (cβR11 + sβR12 ) gSM
hVV = cos(α2 )cos(β −α1) gSM

hVV

α1 =α +π / 2

C ≡ cβR11 + sβR12

CP-violating
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hVV = cos(α2 ) g2HDM
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R =
c1c2 s1c2 s2
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Yukawa couplings 

α1 =α +π / 2

YC2HDM ≡ c2Y2HDM ± iγ5s2
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Lightest Higgs couplings 
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Classes of CP-violating processes 

Fontes, Romão, RS, Silva (2015).  


In 2HDMs


Classes involving scalar to two scalars decays




For each particular model one should check 

Arhrib, Benbrik, Field (2006).  


A→ ZZ  (W +W − )



Observing the three decays 
constitutes a "model 

independent" sign of CP-
violation. 

α2 is already constrained by the 
first decay. The constraints from 

the other two decays could  be 
combined in a (m2, sinα2) plane. 

CP-violating class C2 (and C3 and C4) 

h1 → ZZ     ⇒     CP(h1) =1

h2 → ZZ     ⇒     CP(h2 ) =1

h2 → h1Z     ⇒     CP(h1) ≠CP(h2 )

χ =
BR(h2 → ZZ )
BR(h2 → h1Z )

The benchmark plane is (m2, χ) 

h2 → h3 h1→ h2



Observing the three decays 
constitutes a "model 

independent" sign of CP-
violation. 

� The benchmark plane is (m2, m3) with χ 
as a parameter. 

 
� Another benchmark plane is (m2, χ) with 

m3 as a parameter. 

CP-violating class C1 

h3 → h2Z     ⇒     CP(h2 ) ≠CP(h3)

h2 → h1Z     ⇒     CP(h2 ) = − CP(h1)

h3 → h1Z     ⇒     CP(h3) = − CP(h1)

χ =
BR(h3→ h1Z )
BR(h3→ h1ZZ )



All 
in 
fb 



Other combinations not possible in the CP-conserving 2HDM 

h3 → h2h1     ⇒     CP(h3) =CP(h2 ) CP(h1) =CP(h2 )

h2(3) → h1Z    CP(h2(3) ) = −1

Decay CP eigenstates Model 

None C2HDM, ... 

2 CP-odd C2HDM, ... 

3 CP-even C2HDM, cxSM, ... 

h1 → ZZ     ⇒     CP(h1) =1

h2 → ZZ   CP(h2 ) =1

h3 → h2Z     CP(h3) = − CP(h2 )

Observed 



h1 → ZZ     ⇒     CP(h1) =1

Class C7 

h3 → h1Z     ⇒     CP(h3) = − CP(h1) = −1

h3 → h1h1     ⇒     CP(h3) =1



h1 → ZZ     ⇒     CP(h1) =1

h3 → h2Z     ⇒     CP(h3) = − CP(h2 )

h3 → h2h1     ⇒     CP(h3) =CP(h2 )

Class C6 



BP9 BGL models? 
Branco, Grimus, Lavoura (1996)  




The Yukawa Lagrangian of BLV models is 

Invariance under 

leads to Higgs FCNC in the down sector. Invariance under 

leads to Higgs FCNC in the up sector. The potential is 



"So we fix our benchmark scenarios by trying to maximise these new 
effects but in agreement with other low energy flavour constraints. 
Also we choose those scenarios where important signals can show up at 
LHC, although in some cases some of the observables could be more 
relevant for a future linear collider." 

If Higgs FCNC is in the up sector the couplings are 

which leads to the top quark decay widths 

withe angles alpha and beta defined in the usual way. 



Example: the (b,τ) model near decoupling 

Botella, ranco, Nebot, Rebelo (2015)  




BP10 and BP11 Scalar singlet 















SuShi – Higgs production at NNLO   

sHDECAY – Higgs decays   

Harlander, Liebler, Mantler, (2013).


Djouadi, Kalinowski, Spira (1997) +

Costa, Sampaio, RS, Mühlleitner (2015).  


Tools  

Higlu – Higgs production at NNLO   

ScannerS – Phenomenological constraints;  
                   interfaced with 

Spira (1995)


Benchmark points were obtained with the tools 

Coimbra, Sampaio, RS, (2013).


HiggsBounds – Limits from Higgs searches at LEP, Tevatron and LHC 

HiggsSignals – Signal rates at the Tevatron and LHC 

Bechtle, Brein, Heinemeyer, Stål, Stefaniak, Weiglein, Williams (2010-2015)




Plans 

� Update benchmark points 
� Tools? 

� discuss benchmark points 
� decide on benchmark planes 

� Prepare contribution for YR4 



Back-up slides 



CP assignments 

hi → hjZ

(CP) Zµ  (CP)† = −Z µ

initial state     s(hi ) = 0 ⇒ Ji = 0
final state         s(hj )⊗ s(Z ) =1

#
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One needs 
J f = s f ⊗ Lf = 0⇒ Lf =1

CP(hi ) =  CP(hj ) CP(Z ) (−1)Lf = − CP(hj )

and 



CP assignments 

C(Z ) = −1⇒C(h) = −C(A)

If C and P are good quantum numbers, the vertex hAZ forces 

CP(hAZ ) = −1

and 

P(Z ) = −1⇒ P(h) = P(A)

CP(Z ) =1⇒CP(h) = −CP(A)

because 

CP(∂hAZ ) =1

The vertex hZZ (which has no derivatives) forces 

C(h) = P(h) =1  ⇒   C(A) = −1;   P(A) =1











Constraints 



Constraints 



•  There is only one way to make the pseudoscalar component to vanish 

The zero scalar scenarios 

R13= 0   ⇒   s2 = 0

c2 = 0  ⇒   gh1VV = 0

and they all vanish (for all types and all fermions). 

R11= 0   ⇒   c1c2 = 0

•  There are two ways of making the scalar component to vanish 

R12 = 0   ⇒   s1c2 = 0

excluded 

excluded 

c1 = 0 allowed 


